INTRODUCTION
CYP51 is considered one of the most ancient P450 protein families. 1 It is perhaps the only P450 protein family whose members are spread across all biological kingdoms, although it is lost in certain lineages including insects and worms which do not perform de novo sterol biosynthesis.
2−5 CYP51 has a conserved metabolic function in eukaryotes, being part of the sterol biosynthesis pathway downstream from squalene epoxidase, the first oxygen-dependent step in the sterol pathway and the branch point between hopanoid and sterol biosynthesis that distinguishes eukaryote biochemistry from that of prokaryotes. 6 Sterols are absent from archaea and sparsely represented in bacteria. 7 For example, Methylococcus capsulatus, 8 Gemmata obscuriglobus, 9 and some myxobacteria 10,11 produce a limited array of sterols. P450s sharing common ancestors with eukaryotic CYP51 have been identified in some bacteria, including Methylococcus capsulatus, which are important human parasites, are reported to synthesize sterols de novo. 5 Thus, the sterol biosynthesis pathway is present in free-living amoebas, Acanthamoeba 21, 22 and Naegleria.
23 Acanthamoeba belonging to several different genotypes cause an insidious and chronic disease, granulomatous amebic encephalitis (GAE), in immunocompromised hosts, and infection of the human cornea, Acanthamoeba keratitis. 24 Naegleria fowleri is responsible for severe primary amebic meningoencephalitis (PAM) which mostly occurs in healthy children and young adults with recent recreational fresh water exposure. 24 PAM due to N. fowleri has a worldwide distribution although it occurs most frequently in tropical areas and during hot summer months.
Sterols are synthesized from squalene in kinetoplastid protozoa, Trypanosoma cruzi, Trypanosoma brucei, and Leishmania species, 25 the causative agents of Chagas disease, African sleeping sickness, and different forms of leishmaniasis, respectively, which collectively affect hundreds of millions of people, primarily the poor and underserved, and which have been designated by the WHO and NIH as neglected tropical diseases (NTDs). CYP51 is essential in T. cruzi, as inhibition of its enzymatic activity is lethal for the replicative intracellular clinical amastigote stage. 26 Susceptibility to CYP51 inhibitors in Leishmania is species-specific and depends on the disease type. Drugs that are potent in the treatment of cutaneous leishmaniasis caused by Leishmania tropica or Leishmania major are useless in cases of visceral leishmaniasis caused by Leishmania infantum. 27−30 The role of the endogenously synthesized sterols and their influence on cellular processes in agents of these diseases is poorly understood, even less so in the case of T. brucei. The bloodstream form of T. brucei is highly dependent on an exogenous supply of host cholesterol incorporated via receptor-mediated endocytosis, 31 while endogenous sterol biosynthesis is important for distinct biological functions in the insect form of the T. brucei parasite, where decreased levels of endogenously synthesized sterols have deleterious effect on proliferation and growth. 32 Although the sterol biosynthesis pathway is not present in major agents of human tropical diseases such as worms and Plasmodium, 5 T. cruzi and at least some Leishmania species remain major validated targets for CYP51 inhibitors outside traditional antifungal drug discovery programs. CYP51 may be essential in free-living amoebas, Acanthamoeba and Naegleria, and thus should be viewed as a potential therapeutic target in these organisms. Growth inhibition by systemic fungicides, tridemorph and fenpropimorph, targeting several reactions in sterol biosynthesis in fungi and plants, has been reported in Acanthamoeba polyphaga and Naegleria lovaniensis. 22, 23 Because tropical diseases elicit scant attention from the pharmaceutical industry owing to the absence of economic incentives, university laboratories, private research organizations, and public−private product development partnerships such as the Drugs for Neglected Disease Initiatives (DNDi) lead the NTD drug discovery efforts. Reviewed in this article are advances in repurposing of classic antifungal azoles and their analogues for treatment of human infections caused by kinetoplastid parasites, as well as modern trends to identify structurally diversified lead compounds with entirely new chemical scaffolds specifically targeting T. cruzi CYP51.
CATALYTIC AND BIOLOGICAL FUNCTIONS OF CYP51

Catalytic Function of CYP51
CYP51 catalyzes a complex reaction sequence consisting of three successive monooxygenation steps to cleave the C−C bond at C-14 and remove the C-32 methyl group of sterol substrates (1) ( Figure 1A ). 33−37 The reaction mechanism follows the fundamental chemistry well-characterized for other P450 enzymes, 38 with qualification that three enzyme turn over cycles are required to complete the entire transformation: (i) formation of the oxysterol intermediates 2 (C-32 alcohol) and (ii) 3 (C-14 aldehyde) and (iii) removal of the C-32 methyl group in the form of formic acid with concomitant formation of the C14−C15 double bond in the final product (4) . Three oxygen molecules, six protons, and six reducing equivalents delivered by NADPH-dependent cytochrome P450-reductase are consumed in the course of the reaction. The deformylation step proceeds via an iron peroxo intermediate. 39−41 Altogether, five closely related sterols have been identified as CYP51 substrates in different species (Figure 1 B) . Lanosterol, 24,25-dihydrolanosterol, and eburicol are CYP51 substrates in fungi, T. cruzi, yeast, and vertebrates, while obtusifoliol and This disposition is consistent with the M. tuberculosis CYP51 preference to obtusifoliol. norlanosterol are substrates in plants, Leishmania infantum, and T. brucei. 42−44 This complex reaction sequence hinges on the catalytic histidine residue in the CYP51 active site, His 294 (residue numbering adheres to the T. cruzi sequence), which in the primary sequence invariantly precedes a conserved threonine involved in the H-bond network supplying protons for the O 2 reduction step. 47, 48 Thus, the A/G-G-XX-T sequence that is conserved across the P450 family 49 is reduced in CYP51 to the signature motif A/G-G-XH-T. The 4β-methyl group in lanosterol, 24,25-dihydrolanosterol, and eburicol is discriminated from the 4β-H atom in obtusifoliol and norlanosterol by phenylalanine at the 105 position, which otherwise is occupied by leucine, except for T. cruzi CYP51, which has isoleucine at position 105. On the basis of the X-ray structure of the estriolbound M. tuberculosis CYP51, phenylalanine at position equivalent 105 sterically interferes with the methyl group in the 4β-configuration ( Figure 1B, insert) . 45 Despite the close similarity of CYP51 substrates, the CYP51 amino acid sequences have diverged substantially and have sequence identity below 30% between evolutionarily distant species. These differences enable development of selective drugs with a wide therapeutic window targeting CYP51 in human pathogens.
Sterol Biosynthesis Pathway
Sterols are indispensable constituents of eukaryotic cells. They maintain membrane fluidity and permeability, and modulate activity of membrane-bound proteins and ion channels. In addition, sterols are precursors of many biologically important molecules, which play roles in the regulation of growth and development. The biosynthesis of sterols in eukaryotic organisms is highly diversified, resulting in distinct but structurally related membrane components such as cholesterol in vertebrates, ergosterol in fungi and protozoans, and phytosterols in plants (Figure 2 ).
Sterol biosynthesis starts as an anaerobic process with a simple precursor, acetyl-CoA, as the foundational building block. In the mevalonate-isoprenoid part of the pathway, which is conserved within eukaryotic organisms, isopentenyl-5-pyrophosphate and dimethylallyl pyrophosphate are coupled to generate geranyl pyrophosphate which then leads to farnesyl pyrophosphate, a product of farnesyl diphosphate synthase. Squalene synthase then combines two molecules of farnesyl pyrophosphate into squalene, which is then oxidized by squalene epoxidase, which inserts an oxygen atom from molecular oxygen into the terminal double bond to yield 2,3-oxidosqualene. The 2,3-oxidosqualene is transformed into lanosterol in vertebrates, fungi, and protozoa, while in plants, it leads to phytosterol via cycloartenol and obtusifoliol as key intermediates.
50, 51 The 19-step biosynthesis of cholesterol from The biosynthesis of ergosterol in fungi and protozoa varies depending on strain and species, and details of the biosynthetic pathway still need more investigation. However, both fungi and kinetoplastids rely on ergosterol and related 24-alkyl sterols for growth and viability, which distinguishes their metabolism from that of the mammalian host. 28, 53 Cholesterol and ergosterol have the same overall shape and structure−activity relationships in cellular membranes, including the essential role of 3β-OH hydroxyl group. 54 Cholesterol has a saturated side chain, while ergosterol has a Δ 22,23 -unsaturated side chain with an additional β-methyl group at C-24. The B rings also differ, with cholesterol having one double bond (Δ 5, 6 ), while ergosterol has two conjugated double bonds (Δ 5, 6 and Δ 7,8 ) ( Figure 3 ). The main sterols of trypanosomatids include members of the ergostane and stigmastane family, which have 24-methyl or ethyl side chains, respectively. 55 On the basis of the analysis of sterol composition by chromatographic and mass spectroscopic methods, sterol biosynthetic pathways in T. cruzi amastigotes and epimastigotes were partially constructed ( Figure 3) . 56, 57 A distinct sterol pathway has been proposed in T. brucei on the C labeling studies, indicating that the biosynthesis proceeds both from lanosterol and norlanosterol to ergosta-5,7,25,trien-3β-ol and 24-dimethyl ergosta-5,7,25-trien-3β-ol and thence to ergosterol. 58 However, only trace amounts of 24-alkyl sterols are observed in the membranes of the T. brucei bloodstream form. 31, 58, 59 Extracellular epimastigotes and intracellular amastigotes in T. cruzi contain different sterol compositions (Figure 3) . The former comprises ∼40% of ergosterol and ergost-5,7-dien-3β-ol and ∼30% of stigmasta-5,7-dien-3β-ol and stigmasta-5,7,22-trien-3β-ol in sterol content, while the latter contains ergosta-7-en-3β-ol, 24-ethylidinecholest-7-en-3β-ol, and smaller amounts of episterol, implying the absence of Δ 5 -and Δ 22 -desaturase activities in T. cruzi amastigotes. 54, 57 In the other studies, fecosterol (ergosta-8,24,(24′)-dien-3β-ol) and its Δ8-Δ7 isomer episterol were identified as two principal sterols in amastigotes, while epimastigotes again revealed a pool of sterols richer than that found in amastigotes. 56 In contrast to T. cruzi, Leishmania amastigotes and promastigotes include 5-dehydroepisterol as a major sterol component along with a small amount of episterol and ergosterol. 54, 60, 61 In T. brucei procyclic cells, ergosterol is the predominant component in cells cultured on full-growth medium, while cholesta-5,7,24-trienol, ergosta-5,7,25-trienol, and ergosta-5,7,24-trienol are major components in cells cultured on cholesterol-depleted media.
50,62
Sterol Biosynthesis: Drug Targets for Neglected Tropical Diseases
The sterol biosynthetic pathway in Trypanosomatidae is an attractive target for the development of antiparasitic agents because ergosterol and related 24-alkyl sterols are essential components of parasite cell membranes. Among enzymes constituting the sterol biosynthetic pathway, several targets have been studied for the development of therapeutic agents that interfere with sterol biosynthesis in humans and fungal infections. 54, 63 For instance, HMG-CoA reductase (targeted by statins), farnesyl diphosphate synthase (bisphosphonates), squalene synthase (aryloxyethyl thiocyanate and quinuclidine derivatives), squalene epoxidase (terbinafine), oxidosqualene cyclase (pyridinium-ion-based mimetics), sterol 14α-demethylase (azoles), and sterol 24-methyl transferase (azasterols) have been validated as potential therapeutic targets in humans and fungal infections. 63 These inhibitors have been tested against parasite infections in vitro and in vivo, as stand-alone agents and in combination with others. 63 Among proven sterol biosynthetic targets, CYP51 is one of the most extensively exploited for the development of antiparasitic agents. Inhibition of CYP51 alone or in combination with other sterol biosynthesis inhibitors 27, 32, 64 not only blocks the generation of ergosterol, which is vital for parasite growth, but also leads to accumulation of methylated toxic intermediates, resulting in the arrest of cell growth and cell death. Therefore, CYP51 constitutes a highly attractive, target for the development of new therapeutics for fungal and parasitic infections, including life-threatening NTDs prevalent in areas with poor living conditions and inadequate health care infrastructure.
CYP51: TARGET OF ANTIFUNGAL DRUGS
Antifungal Azoles Targeting CYP51
CYP51 is the therapeutic target of antifungal azole drugs of the "conazole" pedigree (Figures 4−6) . High efficacy against a broad spectrum of fungal pathogens make the azoles indispensable tools for controlling fungal infections in human and crop plants. Current and emerging azole antifungal agents have been reviewed, 19,65−71 including an in-depth historical overview by Heeres et al. 72 of the analogue-based drug discovery path leading from miconazole to posaconazole and isavuconazole.
Since miconazole was first launched, eight analogues (isoconazole, econazole, fenticonazole, tioconazole, sertaconazole, sulconazole, oxiconazole, and butaconazole) have been marketed as first generation conazole fungicides. Most of these first generation agents were accessible from a common key intermediate, 2-(imidazolyl)-acetophenone, and showed a broad range of antifungal activity against dermatophytes, pathogenic yeasts, and filamentous fungi. Interestingly, it was found that derivatives containing a dioxolane unit, the protected ketone derivative used in the course of miconazole synthesis, also displayed broad antifungal activity. This observation later led to the discovery of the first orally active broad-spectrum antifungal agent, ketoconazole ( Figure 4) . 73 In addition, terconazole, possessing an alkyl group and triazole ring rather than the acyl and imidazole groups of ketoconazole, showed enhanced topical activity against superficial fungal infections. 74 Substituted aryl groups at the N-position of the terminal piperazine ring in ketoconazole and terconazole were tolerated in terms of antifungal activity, a finding which led to the development of the highly orally active itraconazole. 75 This second generation conazoles showed very high potency against skin candidiasis, dermatophytosis, vaginal candidiasis, disseminated candidiasis, and aspergillosis in experimental animal models. 75 Next came posaconazole (SCH-56592), whose single enantiomer form was developed by Schering-Plough through further structural modification of itraconazole followed by isolation and characterization of a circulating metabolite of an earlier lead (Figure 4) . 76, 77 Posaconazole displayed broader spectrum antifungal activity than itraconazole, although these two compounds are structurally very similar. 78 Posaconazole has activity against all of the organisms covered by the other triazoles such as itraconazole, fluconazole, and voriconazole, in addition to activity against Scedosporium spp. and Zygomycetes, which are refractory to the previous generation triazoles. 79−82 In addition, positive clinical outcomes against CNS fungal infections and cryptococcal meningitis, which were insensitive to conventional therapies, were achieved by posaconazole. 83 Fluconazole and voriconazole, developed by Pfizer, are another pair of conazoles derived from the miconazole scaffold ( Figure 5 ). These new antifungal agents were derived from the miconazole scaffold by shifting the benzyl moiety from the oxygen to the α-carbon. However, the in vivo efficacy of the initial imidazolyl carbinols was not significantly improved from that of ketoconazole. In subsequent studies, the metabolically vulnerable imidazole ring and aryl group were replaced with 1,2,4-triazole rings, leading to a symmetrical triazole analogue fluconazole, which possessed significantly improved pharmacokinetic properties. 84, 85 Fluconazole displays significantly increased in vivo antifungal activity in murine systemic candidiasis and superficial infection models due to pharmacokinetic properties which are superior to those of ketoconazole.
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Since fluconazole showed poor efficacy against aspergillosis, this compound was further optimized in the development of next- Further structural modification of fluconazole, including introduction of a methyl group and replacement of one of the triazole units with 5-fluoropyrimidine, resulted in voriconazole which gained in vitro potency against Aspergillus, Fusarium, and Scedosporium apiospermum species. Voriconazole was subsequently approved for the treatment of life-threatening fungal infections in immunocompromised patients, serious infections caused by the aforementioned fungi, and even fluconazoleresistant invasive candida infections. 86 Very recently (December 2013), the FDA approved isavuconazole, developed by Basilea Pharmaceutica, as a qualified infectious disease product (QIDP) for the treatment of invasive aspergillosis. In addition to these marketed conazoles, ravuconazole (BMS) and albaconazole (Actavis) are in clinical studies for the treatment of fungal infections in patients undergoing allogeneic stem cell transplantation, and onychomycosis, candidiasis vulvaginitis, and tinea pedis, respectively.
Other azole antifungal drugs with the same mechanism of action, such as bifonazole, clotrimazole, omoconazole, and luliconazole, are also available ( Figure 6 ). Discovery of clotrimazole by Bayer AG in the late 1960s led to the development of bifonazole, a halogen-free imidazole antifungal agent that is very lipophilic and has poor aqueous solubility. 87 Bifonazole has broad-spectrum in vitro antifungal activity and is an effective and well-tolerated treatment for superficial fungal infections of the skin. 88, 89 Siegfried (Pennsville, NJ) developed the antimycotic azole agent, omoconazole, from econazole. 90 Lastly, the FDA approved luliconazole to treat fungal infections in late 2013. Luliconazole displays broad-spectrum topical antifungal potency against the dermatophytes that cause 90% of onychomycosis.
91,92
Antifungal Azoles as Antileishmaniasis Drugs
The most common off-label use of azoles is associated with their antiparasitic activity. 65 A number of antifungal azoles were tested against various parasitic diseases especially leishmaniasis and trypanosomiasis. 28−30 Antileishmanial activity is the most comprehensively studied for azoles. There are reports on miconazole, 93 fluconazole, 94, 95 ketoconazole, 96, 97 itraconazole, 98 and posaconazole 98, 99 activity in Leishmania species. Although the proliferation of many species of Leishmania is inhibited in vitro or in animal models by azole antifungals, the effect of ketoconazole and itraconazole in the treatment of human infections has been equivocal, ranging from high efficacy in Leishmania mexicana and Leishmania major infections to little or no activity against Leishmania braziliensis and Leishmania donovani 100 infections. Successful treatment of cutaneous leishmaniasis has been reported by posaconazole 101 and itraconazole, 102, 103 although the results of studies on the chemotherapy of cutaneous leishmaniasis may be difficult to interpret due to the self-curing nature of cutaneous lesions. 28 Randomized clinical trials are needed to provide stronger evidence on their therapeutic efficacy. 104 Azoles in general have not been shown to be effective against visceral leishmaniasis, also known as kala-azar (black sickness), predominantly caused by L. donovani and L. infantum. 105 Ketoconazole and itraconazole are also not effective against post kala-azar dermal leishmanaisis, a recurrence of kala-azar that may appear on the skin of affected individuals up to 20 years after being untreated, partially treated, or even adequately treated. 106 Ketoconazole and itraconazole are less effective than antimonial agents in reducing hepatic parasites in murine model of L. infantum visceral leishmaniasis. 107 The variability in azole action against the etiological agents of leishmaniasis could be partially related to the pharmacokinetic profile of the drugs. However, natural resistance arises from the biochemical differences between Leishmania spp. at the level of specific sterol requirements. Thus, lack of azole activity against naturally resistant L. braziliensis strain 2903 is due to the ability of downstream C-4 demethylase to act on the C-14 methylated substrates, thus preventing accumulation of the C-4/C-14 methylated toxic intermediate 14α-methyl-ergosta-8,24( 24 1 )-3β,6α-diol. 27 
Antifungal Azoles as Anti-Chagasic Drugs
Chagas disease, a parasitic disease prevalent in Latin America, is caused by infection by the protozoan parasite Trypanosoma cruzi, which is transmitted by an insect vector (the so-called "kissing bug") of the family Triatominae.
108 T. cruzi colonizes the heart, gastrointestinal tract and nervous system, causing progressive inflammation which results in chronic human cardiopathy and/or gastrointestinal dysfunctions. 109 According to the World Health Organization (WHO), 110 T. cruzi infects around 7−8 million people worldwide. International travel, infected blood transfusions, coinfection with HIV, and migration of the insect vector that spreads T. cruzi all help to drive up the number of cases and push the incidence outside its historic geographic range. 111 With no vaccine available, Chagas disease is now seen in Europe, North America, and Asia, and seems set to become an urgent public health issue in countries far beyond its source in South America.
Though at any stage it can prove fatal, Chagas disease can be asymptomatic in both the acute stage following initial infection and the subsequent chronic stage. As a result, infected people may not seek treatment in a timely fashion. Until recently, antiparasitic treatment was not recommended for chronic patients due to the prevailing hypothesis of an autoimmune origin of the disease. 112 The standard of practice has changed recently, however, and treatment is now recommended for all acute and chronic patients. 113, 114 An important caveat is that current treatments can be unsafe. The only available drugs, the nitro heterocyclic compounds nifurtimox and benznidazole, both developed more than 40 years ago, carry the risk of grave side effects, 115 probably due to oxidative or reductive damage to host tissues. Neither drug is approved by the FDA for use in the United States. Against the initial acute stage these drugs are about 80% effective, but in the much longer and epidemiologically prevalent chronic stage their efficacy is controversial. 116 To complicate matters still further, some T. cruzi strains are naturally resistant or have developed resistance to these old drugs. 117−121 Consequently, it is clear that new ways of treating Chagas disease must be a research priority.
In a shift in anti-Chagas disease strategy, the azole drugs fluconazole, ketoconazole, and posaconazole have been used to target CYP51 in T. cruzi-infected mammalian cells. 112,122−124 Originally developed for pathogenic fungal infections, these drugs have been shown to inhibit the same target in fungal and parasitic infections: the biosynthesis of ergosterol and related 24-alkyl sterols, essential components of cell membranes in both fungi and protozoa. The anti-Chagasic potency of posaconazole has been demonstrated in an animal model of T. cruzi infection 125−127 and has a precedent of successfully curing a patient with chronic Chagas disease and systemic lupus erythematosus. 128, 129 The MIC of posaconazole versus T. cruzi Chemical Reviews is 0.3 nM in cultured Vero cells. 126 Parasitological, serological, and PCR analyses confirmed 90−100% cure of animals (85− 100% survived) in a murine model of acute T. cruzi infection treated with 10 mg/kg posaconazole daily. 126 In addition, posaconazole led to 60−70% cure of the animals (75−85% survived) in a chronic Chagas disease model. These curative activities were remarkable, since ketoconazole displayed only a 20% cure rate among 60% survivals at 30 mg/kg daily dose in the acute model and no cure in the chronic Chagas disease model. 126 In vitro and in vivo anti-T. cruzi activities of ravuconazole were also investigated. This drug displayed very potent inhibition against the extracellular epimastgote and intracellular amastigote forms with MIC of 300 and 1 nM, respectively. 130 However, curative trypanocidal activity of ravuconaozle was restricted to a murine model of acute Chagas disease such as nitrofuran/nitroimidazole-susceptible (CL) and partially drugresistant (Y) strains of T. cruzi, and no curative activity was observed in the fully drug-resistant Colombiana strain. 130 Furthermore, in a canine model of acute Chagas disease, ravuconazole significantly suppressed parasite level, but did not show curative potency against the Y and Berenice-78 T. cruzi strains. 131 Another antifungal agent in clinical trials, albaconazole ( Figure 5 ), displayed very effective suppression of parasite proliferation in animals infected with the Berenice-78 strain, but its curative activity was negligible even in the longer treatment period (150 doses).
132 TAK-187 ( Figure 5 ), possessing a long half-life (35.6 h in mice and 87 h in monkeys), was studied in animal models of T. cruzi infection, and showed 100% survival rate of mice infected with the CL, Y, and Colombiana strains. 133 Complete parasitological cure was also achieved against the CL strain, while TAK-187 induced 50−70% cure rate against Y and Colobmiana strains at 20 mg/kg daily or e.o.d. 133 In addition, 80−100% cures of survivors (80−100%) were attained in both acute and chronic models of T. cruzi infection at 10−20 mg/kg e.o.d. 133 It was also reported that T. cruzi-induced cardiac damage was more effectively prevented by TAK-187 than benznidazole. 134 Repurposing existing drugs is the quickest way to fill NTD clinical pipelines to bring forward drugs for those in need. The CYP51 inhibitors posaconazole and ravuconazole, which have undergone extensive pharmacological and toxicological optimization in antifungal programs, and demonstrated efficacy and curative activity in animal models of Chagas disease, have been recently tested in clinical trials.
135−137 Lack of curative effect has been reported for both compounds. 138, 139 At the end of the ravuconazole treatment in the E1224/benznidazole trial (Bolivia), 137 all treatment groups had high percentages of parasite clearance in blood (79−91%, defined as parasite levels below the limit of detection by quantitative-PCR (qPCR)). After one year follow-up, patients receiving ravuconazole at low dose (200 mg/week, 8 weeks) or short dose (400 mg/week, 4 weeks) progressively relapsed, and their parasite levels by qPCR reached values indistinguishable from those receiving placebo. Patients receiving ravuconazole at high dose (400 mg/week for 8 weeks) or benznidazole (5 mg/kg for 60 days) had 30% or 81%, respectively, of parasitemia clearance. For the relapsed patients, the parasite levels were statistically indistinguishable among the two treatments, and very close to the limit of detection. 138 Further trials, at different doses or in combination with benznidazole, are thus indicated.
Significantly more patients in the posaconazole groups than in the benznidazole group had treatment failure during followup in the CHAGASAZOL Trial (Spain).
136,139 Antiparasitic activity was assessed by testing for the presence of T. cruzi DNA, using real-time-PCR (rt-PCR), during the treatment period and 10 months after the end of treatment; all the drugs were administered for 60 days. During the treatment period, all but two patients tested negative for T. cruzi DNA. During the follow-up period, in the per-protocol analysis, 90% of the patients receiving low-dose posaconazole (100 mg twice daily) and 80% of those receiving high-dose posaconazole (400 mg twice daily), as compared with 6% receiving benznidazole (150 mg twice daily), tested positive in the rt-PCR assay.
Factors explaining the disappointing efficacy of ravuconazole and posaconazole in humans may include the folowing: (1) Intracellular localization of T. cruzi parasites in chronic infection, largely in heart, gut, and skeletal muscles, requires drugs with different pharmacokinetic profiles. Large volume of distribution and long terminal half-life are two key parameters of drug efficacy in Chagas disease chemotherapy. 112, 130, 131, 140 (2) The stochastic nature of the T. cruzi infection 141 may require longer drug exposure. (3) Finally, sequence/structural differences between the T. cruzi and fungi CYP51 targets potentially attenuate the activity of the antifungal CYP51 inhibitors against the T. cruzi enzyme. On the basis of these considerations, it is expected that targeted inhibitors, optimized specifically by structure-based drug-design and close monitoring of PK parameters, will be more effective against human T. cruzi infections than the repurposed antifungal agents.
CYP51 AS A DRUG TARGET FOR CHAGAS DISEASE
X-ray Structures of CYP51
A drug target in several human pathogens, CYP51 has been intensively studied over the past decade. Significant progress has been made in characterization of CYP51 orthologues from Mycobacterium tuberculosis, (Table 1 ). This accumulated knowledge supports structure-aided drug development against protozoan parasites, including T. cruzi. It also advances antifungal drug discovery research programs by providing templates for molecular modeling of fungal CYP51 drug targets and also laying the groundwork for understanding azole resistance phenomena. 159 Eukaryotic P450 enzymes associated with the ER, including CYP51, are divided into an N-terminal transmembrane domain and a catalytic core composed of a four-helix bundle with a trigonal prism-shaped structure. The N-terminal transmembrane domain important for subcellular localization and tethering to the ER is usually removed from the recombinant protein constructs to facilitate catalytic domain expression and purification. S. cerevisiae CYP51 is the only characterized fulllength P450 enzyme with amphipathic and transmembrane helices resolved in the X-ray structure. 157 Rigid interactions between the transmembrane anchor and the catalytic domain serve to precisely orient the substrate entry channel relative to the lipid bilayer. 157 Topologically, P450 catalytic core folds as a single domain. Structurally, it is subdivided into two subdomains, the α-helical and β-sheet-rich domain. 160, 161 The subdomain interface serves as a substrate binding site, with size and topology modulated by the concerted motion of the BC- and FG-loops, the F-and G-helices, and bending of the central (and longest) P450 α-helix, the I-helix, which runs over the distal surface of the heme across the entire protein structure. 49, 160, 161 Secondary structure nomenclature is according to the generally accepted scheme introduced by Poulos et al. for bacterial P450cam. 162 Extra helices, designated prime or double-prime, are typical within the longer BC-and FG-loops of the eukaryotic P450s. Thus, B′ and F′/F″ helical structures directly interact with the inhibitors in the eukaryotic CYP51 ( Figure 7) .
The soluble bacterial CYP51 orthologue from Mycobacterium tuberculosis lacking the N-terminal transmembrane domain demonstrates the extreme solvent exposure of the heme prosthetic group due to the bent I-helix and the unusual conformation of the BC-loop, which remains wide open even when inhibitors 142, 143, 145 or substrate analogues 45, 144 are bound in the active site. In eukaryotic CYP51, the substrate binding site is shaped as a tunnel buried in the protein interior leading from the protein surface to the heme group ( Figure 7) . 146, 158 Essentially the same ground-state closed conformation is observed in low-resolution structures of the CYP51 drug− target complexes, 148, 150 while higher resolution structures demonstrate the fit induced by 4-aminopyridyl-based inhibitors bound in the active site.
151,152
T. cruzi CYP51 belongs to a category of proteins whose crystallization propensity depends on interactions with the ligand bound in the active site. The accuracy of low-resolution structures largely relies on the topology/parameter restraints used during refinement, particularly as they pertain to new small-molecule ligands, which are not included in default computer databases used by structure determination software. Yet, if not misinterpreted, low-resolution structures can deliver information on high scientific and practical value. A complicating factor, however, can be misinterpretations of electron density associated with inaccurate restraint refinement against low-resolution data, as has occurred with the erroneous assignment of sp 3 rather than sp 2 configurations to nitrogen atoms of the triazole ring, resulting in deformed fluconazole ligands in the 3KHM 148 and 3L4D 42 CYP51 structures; a related error is the assignment of the absolute configuration of one of the stereocenters of posaconazole in 3K10. 148 
Inhibitor and Substrate Envelopes
The large hydrophobic CYP51 active site promiscuously permits small-molecule binding. 163 The inhibitor envelope deduced from superimposed CYP51 drug−target complexes branches into a Y-shape with an elongated "stem" and two shorter "arms" (Figure 7) . 151 The shortest arm orthogonal to the heme macrocycle invariantly binds to coordinate to the heme iron with the aromatic nitrogen atom on the azole or pyridyl/pyrimidyl moiety, while the longer arm, consisting of one or two fused aromatic functionalities, binds at an angle to the heme plane. The stem of the envelope is much longer, allowing as many as four linearly fused rings to bind in the hydrophobic tunnel, as exemplified by posaconazole (X2N). Each of the inhibitors only partially utilizes the binding envelope. Three inhibitors, VNF, VFV, and NEE, extend into the longer arm of the envelope arguably occupied by the sterol aliphatic side chain; 164 fluconazole (TPF) and tipifarnib (JKF) largely utilize the central space adjacent to the heme group, while VNI, VNF, and posaconazole (X2N) explore the stem of the envelope. The particularly long posaconazole moiety extends into the exterior space, adopting alternative conformations at the terminal unit ( Figure 7B ). Inhibitor nomenclature is according to small-molecule codes associated with each molecule in the PDB databank.
In contrast to the inhibitor envelope deduced from the 3-D alignments of multiple drug−target complexes, the substrate envelope is yet to be convincingly defined in CYP51. The cocrystal structure featuring the substrate analogue methylenecyclopropyl-Δ7-24,25-dihydrolanosterol (LNP) bound to T. brucei CYP51 (PDB ID 3P99) 155 depicts, at resolution of >3 Å, this sterol derivative with an unnatural 5β-configuration of the H atom at the C-5 bridgehead position, which is not consistent with the 5α-configuration of the lanosterol precursors used in the synthesis of the substrate analogue. 155, 165, 166 This causes the sterol tetracycle in LNP to adopt a bent conformation of the 5β-skeleton ( Figure 8A ), in contrast to the flat shape of the biogenic sterol precursor, lanosterol, which has 5α-configuration ( Figure 8B ). 167 While these structural differences are functionally significant in nature, difference in shapes of the two sterol skeletons was not commented on by the authors. 155 We infer that the inconsistence may be again an artifact of refinement against low-resolution data. Furthermore, the binding orientation of LNP in the active site of T. brucei CYP51 is opposite to that of lanosterol in fungal CYP51. Lanosterol substrate is flipped in S. cerevisiae CYP51 (4LXJ), 157 with the aliphatic side chain pointing in an opposite direction from that of T. brucei CYP51 (Figure 8 ). 157 However, electron density for the sterol molecules lacks sufficient detail in either structure to convincingly resolve the controversy. For comparison, the unambiguous orientation of the estriol molecule lacking the aliphatic side chain in M. tuberculosis CYP51 (resolution 1.55 Å; PDB ID 1X8V) 45 is consistent with the sterol orientation suggested by the T. brucei 3P99 structure.
High-Throughput Hit Identification
4.3.1. Phenotypic Screens. Resent success in acquiring structurally diverse compounds for hit-to-lead optimization programs aiming at Chagas disease hinges on modern drug discovery strategies, including probing T. cruzi parasites or the CYP51 target in high-throughput format with diverse libraries of compounds, including those developed for different therapeutic applications. A major hit-generating effort to discover new T. cruzi inhibitors involves screening of compound libraries using robust phenotypic whole-cell parasite assays which fall into two categories: high-content image-based assays pioneered by Engel and coauthors 169 and colorimetric assays using the T. cruzi Tulahuen strain transfected by the β-galactosidase gene utilizing chlorophenol red β-D-galactopyranoside as a substrate, developed by Buckner and coauthors. 170 The T. cruzi luc strain expressing firefly luciferase is a complementary HTS drug discovery platform, which allows rapid assessment of compound performance in vivo. 152, 171 In phenotypic assays, compounds are screened for their ability to inhibit replication of intracellular T. cruzi amastigotes inside host cells. Depending on the order of adding parasites and inhibitors, phenotype screening can be a "catch-all" method identifying compounds that kill extracellular trypomastigotes, inhibit host cell invasion, or inhibit parasite development inside the cells. However, the β-galactosidase-based assay does not readily provide information about toxicity of the compounds for host cells. The image-based assay distinguishes between the cell and parasite toxicity, but requires more sophisticated instrumentation and large data storage capacities. Both phenotypic assays select compounds for cell permeability but do not provide information on mechanism of action, which distinguishes them from target-based assays.
Phenotypic screening of over 300 000 compounds at the Broad Research Institute gave momentum to follow-up efforts, including hit triage and early lead optimization studies by DNDi focusing on two promising inhibitor series, CM74 and CM100 ( Figure 9) . 172 Selected compounds in the CM100 series demonstrated in vivo efficacy upon oral administration at 20 mg/kg, b.i.d. There were 60% of the mice who survived parasite-free in blood following b.i.d. treatment for 20 days, but they were not cured as determined by PCR analysis of tissues. On the basis of the structures consisting of a heterocycle and two additional lipophilic or aromatic motifs in a trigonal or tetragonal arrangement around a central atom, these compounds are recognized as potential CYP51 inhibitors, although their mechanism of action has not been confirmed. Compounds containing known antifungal pharmacophores and compounds likely to be CYP51 inhibitors based on structural similarity with previously reported CYP51 inhibitors have been discovered in screens of other compound collections. 173 Eight such compounds available from a small laboratory library were identified in a screen against T. brucei, T. cruzi, and L. donovani (Figure 10 ). These azole derivatives showed moderate inhibition against T. brucei and L. donovani in micromolar range IC 50 s. 173 However, in vitro anti-T. cruzi activity of compounds 5, 6, 7, and 8 were in the low nanomolar range with about 1000-fold selectivity against rat myogenic L6 cells. 173 Enantiomerically pure compounds were prepared, 174, 175 and it was found that S-enantiomers had better inhibition potency against T. cruzi than the R-enantiomers. No information on the utility of these compounds in animal models is yet available.
A phenotypic screen of Broad Institute's diversity-oriented synthesis (DOS) collection singled out compound ML341 for low nanomolar growth-inhibition activity versus T. cruzi and trypanocidal at 40 nM. 176 Compared to commercial vendor libraries, DOS compounds have distinct ring architectures, contain several stereocenters, and have a higher content of sp 3 -hybridized carbon atoms. SAR data generated for ML341 point at the indispensable role of the aromatic heterocycle for inhibitory potential, particularly favoring 4-pyridyl analogue (9, IC 50 = 1 nM) over the 3-pyridyl (10, 45 nM) and the sterically hindered 2-pyridyl (11, 344 nM) analogues (Figure 11 ). These data are consistent with the potential for these compounds to coordinate to heme iron and serve as CYP51 inhibitors, although the molecular target of ML341 has not been identified. However, since compounds 12, 13, and 14, which do not include iron coordinating units, also show low micromolar inhibition potency, there might be other unknown targets of these ML341 analogues.
4.3.2. Target-Based Screens. Screening of CYP51 against a library of synthetic small molecules was performed, first using M. tuberculosis CYP51 orthologue 177 and then recombinant T. cruzi CYP51 in order to identify structurally diverse CYP51 inhibitors. 163 The property of the ferric heme iron Soret band of the P450 enzyme to shift in response to ligand binding was utilized to select chemotypes with high binding affinity to the CYP51 target. 163, 177 Thus, the 4-aminopyridyl-based chemotype 15 was identified. 143 On the basis of potency in cell-based assays and in a mouse model of T. cruzi infection, 143, 145 the Nindolyl-oxopyridinyl-4-aminopropanyl analogue, LP10 (16, Figure 12 ), was selected as a starting point for hit-to-lead optimization. Rounds of analogue design, compound synthesis, testing, and analysis of structure−activity and structure− property relationships led to substantially improved inhibitors, 147, 151, 152, 154 as discussed in section 5.2. Through a series of high-throughput screening and crossvalidation steps, Gunatilleke and coauthors 163 have identified a diverse array of low molecular weight submicromolar and low micromolar hits, demonstrating that CYP51 in T. cruzi is a rather permissive target for small molecules ( Figure 13 ). Cheminformatic analysis of hits using an algorithm implemented in the Similarity Ensemble Approach (SEA) online research tool 178 indicates CYP51's similarity to other P450 drug targets, including thromboxane synthase (CYP5), fatty acid ω-hydroxylases (CYP4), 17α-hydroxylase/17,20-lyase (CYP17), and aromatase (CYP19). These enzymes have been targeted by the pharmaceutical industry for cardiovascular disease, 179 metabolic disorders of lipid metabolism and inflammation, 180 prostate cancer, 181 and estrogen receptor-positive breast cancer, 182 respectively. Cheminformatic searching in the SEA Figure 9 . Structures of CM74 and CM100. databases revealed the unexpected resemblance of the highly scored hits, 17−19, to inhibitors of glutaminyl-peptide cyclotransferase, an enzyme unrelated to the CYP family either by sequence or structure. Human glutaminyl-cyclase which catalyzes pyroglutamic acid formation at the N-terminus of amyloid peptides, is potentially involved in the development and progression of neurodegenerative disorders.
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A target-based high-throughput screen against T. cruzi CYP51 by the research group at Vanderbilt identified the amide form of indomethacin (COX-2 inhibitor), which displayed modest binding affinity to CYP51 and antiparasitic potency against T. cruzi in cell-based assay (Figure 14) . 184 The most potent hit in this class, compound 28, possessed submicromolar EC 50 against T. cruzi amastigotes, leading to a decrease in the number of intracellular parasites. In addition, compound-28-treated T. cruzi cells produced altered sterol composition, compared to untreated parasites.
The unexpected promiscuity of CYP51 revealed by targetbased screens may potentially be utilized in a piggyback strategy for identifying a chemical starting point (e.g., glutamyl-peptidyl cyclotransferase inhibitors) for antiparasitic therapy development, while structure−activity relationships derived from parasite assays could lead to disease-specific clinical candidates. Diversification of leads for CYP51 inhibitors should offer the medicinal chemist new choices in terms of chemical accessibility and prospects for lead optimization. In addition, multiple leads lower the risk of drug attrition in the case of undesirable ADMET properties.
T. CRUZI CYP51 INHIBITORS
Promising activity of repurposed azole drugs in in vitro and in vivo animal models of T. cruzi infection has triggered research on parasite-specific CYP51 inhibitors focused exclusively on anti-T. cruzi activity. These efforts are aimed to overcome two major limitations to the piggyback approach: (i) structural differences between the parasites and fungi CYP51 molecular targets potentially limiting the potency and specificity for T. cruzi CYP51, and (ii) differences in pharmacokinetic drug profiles due to intracellular localization of T. cruzi parasites in deep tissues. 112, 140 It seems reasonable that targeted inhibitors, optimized by using structure-based drug-design with monitoring of PK parameters and inhibition of human CYPs involved in metabolism of xenobiotics, will be more effective in developing efficacious treatments of human T. cruzi infections compared to use of repurposed antifungal agents.
Compounds inhibiting CYP51 belong to chemically distinct classes such as imidazole, triazole, pyridine, and pyrimidine derivatives. This classification is based on the structure of the heme Fe-coordinating aromatic heterocycle present in each inhibitor. Although the electronic properties of the nitrogen atoms in the heterocyclic rings differ significantly, no bias for any particular Fe-coordinating group was observed in a targetbased high-throughput screen, where distribution of the heme Fe-coordinating heterocycles among the approximate 200 hits reflects the frequency of each group in the small-molecule library. 163 This observation suggests a significant role for the rest of the inhibitor molecule in defining specificity and selectivity to the molecular drug target by means of multiple drug−target interactions. Nevertheless, the role of the heterocycle seems indispensable in CYP51 inhibitors. For instance, reducing the Fe-coordinating capacity of the 4-aminopyridylbased analogues abolishes inhibition of CYP51. 185 Given the promiscuity of the rest of the binding site to small-molecule structures, 163 the method of classification of CYP51 inhibitors by Fe-coordinating heterocycles has demonstrable utility. In this review, we adopt this method; compounds which do not form a coordination bond to the heme iron are referred to as substrate mimetics. Imidazole and triazole CYP51 inhibitors constituting a conazole class of the antifungal drugs 72 are also known under the combined name of the azole inhibitors. Some of the T. cruzi-specific CYP51 inhibitors which have been developed recently fit this combined azole category, while others are grouped as pyridine/pyrimidine derivatives. research efforts directed at development of drugs against other diseases.
186 For example, the cancer clinical drug candidate tipifarnib (29) , an inhibitor of human protein farnesyltransferase (hPFT), 187, 188 was found to efficiently block endogenous ergosterol biosynthesis in T. cruzi by binding to CYP51. 189, 190 A series of tipifarnib analogues were generated in the course of hit-to-lead optimization to reduce inhibition of hPFT and enhance efficacy against T. cruzi ( Figure 15) . 191−193 The chlorine atom in the para-position of ring 1 and the methoxy group at the chiral center provided optimal contacts of the tipifarnib analogue with CYP51, but disabled interactions with hPFT. Combined with the methyl group at C-2 of ring 2, these modifications led to a 7-fold increase of potency in compound 30 compared to tipifarnib, while reducing inhibition of hPFT more than 10 000-fold. 193 Inhibitor 30 was subjected to efficacy studies in mice infected by the Tulahuen strain. Administered by oral gavage beginning day 7 postinfection, first at 100 mg/ kg, b.i.d., for 6 days, and then followed by 50 mg/kg, b.i.d., for 20 days, 30 suppressed parasitemia to microscopically undetectable levels through day 100 postinfection. However, parasitological cure was not achieved; surviving parasites were recoverable by hemoculture.
Compound 30 is a mixture of quinolone ring atropisomers, which could complicate drug development. Thus, analogues 31 and 32, possessing a C 2 -symmetric ring 2 or a ring 2 lacking ortho substitution (substitution patterns that not subject to atropisomerism), were synthesized and showed to have similar to 30 inhibition potency and selectivity against T. cruzi amastigotes cultured in mammalian cells. 192 The pharmacokinetic profile and potency of racemic inhibitor 32 was superior to 31, but 32 failed to cure mice infected by T. cruzi Y strain when administered at 40 mg/kg for 20 days. The plasma concentration of 32 was significantly less than that of (Figure 16 ), it was assumed that the isomer with R-configuration was more potent, 156 with qualification that T. brucei CYP51 has 85% sequence identity to the T. cruzi orthologue. However, in vivo efficacy studies of single enantiomer 32 have not been reported yet.
5.1.2. Dialkylimidazole Analogues: From Protein Farnesyl Transferase to CYP51 Inhibitors. Dialkylimidazole analogues have been developed as structurally simple inhibitors of CYP51 by the same research laboratory where tipifarnib analogues were developed. Through an academic− industrial research partnership, FTI-2220 (33) was identified as a mimetic of the tetrapeptide substrate of protein farnesyltransferase (PFT), Cys-Val-Ile-Met (Figure 17) . 194 FTI-2220 showed strong inhibition of T. brucei PFT (with IC 50 = 8 nM). The methyl ester prodrug (34) was less potent against T. brucei (ED 50 = 500 nM) in cell culture. 194 Interestingly, compounds like 35 which lack the methionine residue of 33 were highly potent against T. cruzi in cell-based assays (ED 50 = 0.5 nM), even though most inhibitory activity against T. cruzi PFT disappeared. Further studies on T. cruzi labeled with 3 Hmevalonolactone showed accumulation of lanosterol and complete blockade of downstream sterol synthesis with this class of inhibitors. 189 Since the methyl ester of 35 is susceptible to hydrolysis in mouse serum, analogues 36 and 37 were used in efficacy studies in a murine model of Chagas disease. Mice were treated with 50 mg/kg of each inhibitor twice daily by oral gavage for 14 days. Up to 99% parasitemia levels were suppressed in treated mice groups, and all mice in these groups survived to 101 days postinfection. In contrast, all of the untreated mice succumbed to overwhelming infection by day 18. 189 Due to promising in vivo efficacy along with the relatively simple synthesis of compounds 36 and 37, extensive SAR studies were performed in order to further increase potency against T. cruzi. Introduction of an ortho-amino group in the 1,4-biaryl moiety led to about 10-fold increase in potency against T. cruzi and retained a good pharmacokinetic profile: AUC 0−5h (38 and 39) = 6.3 and 28.7 μg × h/mL. Compounds 38 and 39 were subjected to an in vivo efficacy study using the Tulahuen strain at 50 and 20 mg/kg, b.i.d, po, for 20 days. Parasitemia decreased to microscopically undetectable levels without apparent side effects, and the treated mice exhibited gradual weight gain. However, PCR blood test at day 100 postinfection was positive in 2 of 6 mice treated with compound 39 at 50 mg/kg, and in all six mice treated with compound 38 at 50 mg/kg. Systematic modifications of 39 were carried out to gain potency and reduce molecular weight and lipophilicity. Of the 75 dialkylimidazole-based inhibitors that were tested in cell-based assay, eight inhibitors (40−47) possessed similar or only slightly improved potency against T. cruzi as well as reduced molecular weight and lipophilicity, compared to 39. 195 However, follow-up in vivo studies have not yet been reported for these dialkylimidazole-based inhibitors.
5.1.3. NEU321: Phenotypic Screen Hit. Screening of 2000 compounds from the DIVERSet library (ChemBridge Corporation, San Diego, CA) chosen for pharmacophore diversity led to identification of the imidazole-based T. cruzi inhibitor, compound 48, which showed strong trypanocidal activity (EC 50 of 23 nM) manifested in lysis of the intracellular amastigote membranes. 196 Screening of >300 000 more compounds 171 led to the identification of hits 49−51 with long flexible aliphatic linkers connecting the Fe-coordinating imidazole moiety with a second aromatic functionality, as well as a ring-constrained analogue 52 ( Figure 18 ). Compounds 48−51 resemble the target-based hits 17−19 identified in the spectral assay against T. cruzi CYP51 (Figure 12) . 163 An unusually long aliphatic chain distinguishes these derivatives from the trigonal-and tetragonal-chemical group arrangement in canonic CYP51 inhibitors. The cell death phenotype exhibited by 48
196 and the spectral behavior demonstrated by 17 163 suggest interaction of this chemotype with the T. cruzi CYP51 target. Follow-up optimization of 49−51 149 led to replacement of the alkyl linker, which was implicated in poor bioavailability and poor metabolic properties, with more rigid structural elements inspired by compound 52. A hybrid structure 53 combining the structural features of 51 and 52 resulted in increased potency against cultured T. cruzi amastigotes, but attenuated stability. Even in the presence of quinidine and ketoconazole, which are inhibitors of drugmetabolizing CYP2D6 and CYP3A4, respectively, 29−39% of compound 53 was metabolized in 20 min. Given high binding to plasma proteins (>99.8%) and strong inhibition of the hERG ion channel (94% at 10 μM), 53 has poor predicted prognosis for bioavailability and cardiotoxicity. 149 Binding of 53 to the T. cruzi CYP51 target was confirmed by characteristic UV−vis spectra and by X-ray structure analysis of the drug−target complex (Figure 19) . 149 Compound 53 
. 197 Both compounds showed moderate potency against procyclic and bloodstream forms of T. brucei (EC 50 of 1.3−7.0 μM) but somewhat improved potency against T. cruzi trypomastigotes and amastigotes (less than 1 μM EC 50 and EC 95 ). 197 On the basis of the common structural motif of 55 and 56, VNI (compound 57) was subsequently developed. 164, 198 VNI displayed moderate inhibition at the enzyme level, but its antiparasitic potency against T. cruzi amastigotes infecting cardiomyocytes exceeded that of posaconazole or ravuconazole. Thus, T. cruzi was cleared from host cells at 7.5 nM VNI, while more than 30 nM of posaconazole or ravuconazole was required to achieve similar effect. The C max of VNI is about 40 μM (25 mg/kg, po), which is at least 2 fold and >10-fold higher than posaconazole and ravuconazole, respectively. Twice daily oral dosing of VNI in an acute murine model of T. cruzi infection (Tulahuen strain) at 25 mg/kg for 30 days (treatment begun 24 h postinfection) resulted in a 100% cure rate and 100% survival. 198 In a chronic model of Chagas disease, blood and tissue of the VNI-treated mice were PCR-negative after a 30-day treatment followed by 6 rounds of immunosuppression. 198 However, at the same treatment regimen, all VNI-treated mice infected by the benznidazoleresistant Colombiana strain showed relapse after three cycles of cyclophosphamide administration, and most (5 out of 6) died during the immunosuppression procedure. 199 Treatment of benznidazole-resistant T. cruzi Y strain with VNI also has not attained parasitological cure but led to >80% decrease in circulating parasites. 199 Two genes are present for Colombiana T. cruzi CYP51 with 7 and 8 amino acid differences compared to the Tulaheun T. cruzi CYP51. Thus, high abundance of CYP51 enzyme and/or involvement of the altered amino acids for CYP51 function could possibly cause decreased susceptibility of the Colombiana strain to VNI.
The cocrystal structures for both VNI (and its triazole analogue VNT) and VNF inhibitors have been reported with the T. brucei and T. cruzi CYP51 orthologues, reaspectively, 148, 153 as has been the structure of the VNF/VNI chimera, VFV, with T. brucei CYP51 (Figure 21 ). (59) was identified in a screen of a diverse set of agrochemicals against T. cruzi Tulahuen strain transfected with the β-galactosidase gene. 200 It also has notable activity against Leishmania spp.
201 Fenarimol belongs to the pyrimidine class of CYP51 inhibitors. The mechanism of fenarimol action against T. cruzi CYP51 was determined, 150 and hit-to-lead optimization was conducted to obtain potent fenarimol analogues with curative activity in a mouse model of T. cruzi infection. 202 The simple structure and uncomplicated synthesis made fenarimol an attractive starting point for developing an anti-T. cruzi drug by the product development partnership DNDi. Use of structure−activity (SAR) and structure− property relationship (SPR) design criteria followed by in vivo evaluation of compounds in a mouse model focused on improving potency and establishing in vivo efficacy of analogues ( Figure 22 ). Significant improvement of inhibition potency was achieved by replacing the original 5-pyrimidinyl group with 3-pyridinyl and the ring 1 ortho-chlorophenyl with a 4-trifluoromethylphenyl moiety as in 60. The 4-trifluoromethyl substituent in ring 1 was particularly beneficial for metabolic stability while maintaining potency. 200 Oral dosing of compound 62 showed 95% bioavailability due to high solubility (50−100 μg/mL) and low clearance (18.9 mL/min/kg). However, a daily dose of 62 at 100 mg/kg for 5 days led to significantly (>95%) decreased blood parasitemia, but dosing at lower levels (50 or 20 mg/kg) was less effective (65%) or ineffective, respectively. Another analogue, compound 61, which possesses lower bioavailability (68%), lower solubility (6.3−12.5 μg/mL), and higher clearance (24.4 mL/min/kg), suppressed parasitemia to microscopically undetectable levels following daily oral dosing at 50 mg/kg for 10 days in mice infected with T. cruzi Tulahuen strain. After a 10-day rest period, which allowed parasites in tissues to re-enter the blood from sanctuary sites, PCR analysis of blood samples showed >99% parasitemia reduction. However, parasites re-emerged in blood after a third cycle of cyclophosphamide-induced immunosuppression. 200 Chemical diversity of the fenarimol SAR series was expanded by replacing one aromatic ring of the triaryl structure with a piperazine unit, to give new analogues possessing [phenyl-(pyridine-3-yl)methyl] piperazine scaffolds. 202 Analogue 63 suppressed parasite levels up to 96%, 95%, and 73% with once daily oral doses of 100, 50, and 20 mg/kg for 5 days, respectively. Analogue 63 also showed improved survival rates (80−100%) on day 30 postinfection. Further follow-up scaffold modifications were undertaken to improve DMPK properties and achieve higher efficacy. 203 Replacement of the central chiral carbon atom of compound 63 with a nitrogen atom gave rise to an achiral template represented by compound 64. SAR was investigated by generating analogues with various aryl groups attached to N-piperidine; several analogues with this scaffold were as potent as posaconazole. The need to fill the void space in the active site of CYP51 required the aryl substituent of the N-arylpiperidine unit to extend further into hydrophobic tunnel of the binding site ( Figure 7) . The choice of the aryl group in the N-arylpiperidine unit had a major impact on microsomal stability in the series of analogues represented by compound 64. 203 In addition, an acetamide unit was introduced in an attempt to lead to a new SAR series represented by compound 65. This resulted in high potency (EC 50 = 8 nM) and moderate stability (microsome predicted hepatic extraction ratio, E H = 0.5). Both highly optimized lead compounds 64 and (S)-65 had overall 50−60% cure rate of T. cruzi-infected mice (Tulahuen strain), confirmed by PCR analysis of tissue and blood of mice treated at 10−20 mg/kg/day for 20 days, followed by three cycles of immunosuppression. 203 The plasma concentration of 64 and (S)-65 at 24 h were 0.79 and 0.65 μM for 20 mg/kg dosing (vs C 24h of 61 = 0.03 μM at 20 mg/kg dosing). Thus, these results suggest in vivo efficacy is related to an extended drug exposure over the full dosing interval in addition to in vitro inhibition potency (EC 50 ).
Both highly optimized inhibitors 64 and 65 were structurally characterized in complex with the T. cruzi CYP51 target. 150 The role of the pyridine heterocycle in coordinating to the heme Feiron in fenarimol-like inhibitors is consistent with the role of the 5-membered heterocycle in the azole series (Figure 23) . However, the pyridy-3-yl Fe-coordinating group forces aryl ring 2 of both 64 and 65 virtually into a sandwich conformation with the heme macrocycle, maximizing overlap of the π systems. This configuration is less stable compared to offset parallel or perpendicular geometries, which is consistent with the relative rarity of the sandwich orientation in X-ray crystal data. Repulsive interactions, which are normally reduced by offsetting one of the aromatic rings in the parallel displaced conformation, may be a factor responsible for the weakened Fe−N coordination bond in the CYP51 complexes with compound 64 (2.31 Å) and particularly compound 65 (2.35 Å), the latter carrying the larger 4-trifluoromethylphenyl substituent on ring 2.
5.2.2. N-Indolyl-oxopyridinyl-4-aminopropanyl Derivatives: From Screening Hit to Lead Optimization. The Nindolyl-oxopyridinyl-4-aminopropanyl-based CYP51 inhibitors originated from a target-based screen, 143, 145 and evolved through an iterative approach involving rounds of SAR and SPR analysis, compound synthesis, testing, and biological and structural evaluation. 147, 151, 154 Medicinal chemistry efforts improved the EC 50 of these inhibitors in T. cruzi cell-based assay by up to 4 orders of magnitude, compared to that of parental hit (Figure 24) . 147 Initial efforts were focused on the Senantiomer because of better binding affinity and inhibition potency of LP10 analogues, 66 and 67, generated early in the development cycle, as demonstrated in spectral and cell-based assays. The X-ray cocrystal structure of 68 with T. brucei CYP51 allowed comparative molecular modeling which led to the development of 69 which possesses significantly increased potency in cell-based assay. The orientation of the biaryl units of 69 in the CYP51 active site changed dramatically compared to 68 (Figure 25 ), resulting in a >1000-fold improved inhibition potency against T. cruzi. 147 On the basis of consistently superior potency, the R-configuration of this class of the inhibitors was used in subsequent optimization efforts.
Analogues 70−73 and their derivatives were further explored by docking and comparative molecular modeling using the Xray structure of 69 bound to T. cruzi CYP51. Most of these derivatives displayed strong inhibitory potency to T. cruzi with single digit nanomolar EC 50 or less. 154 In addition, 70 and 72 showed significantly improved in vitro microsomal stability (compared to 66 and 67) by replacing the cyclohexyl unit with an aromatic ring of which potential susceptible sites are blocked with halogen atoms and/or an additional aromatic ring. Furthermore, 72 showed significantly decreased inhibition against human CYP1A2, CYP2C9, CYP2D6, and CYP3A4 enzymes with −26%, 41%, −17%, and 15% percent inhibition at 1 μM, respectively.
Inspired by the SAR and SPR analysis and aided by the X-ray structures and docking models, orally bioavailable and highly potent in vivo agents 74−77 were developed. 152 Inhibitors 74− 77 showed considerably enhanced in vitro microsomal stability (t 1/2 = 22−58 min), and possessed enhanced in vivo pharmacokinetic properties and tissue exposure when delivered as a single 50 mg/kg oral dose in a Kolliphor formulation rather than in HPβCD, except for 75 which was comparable in both vehicles. To avoid downstream disconnect between in vitro activity and in vivo efficacy that may arise when SAR studies are driven by target-based or cell-based assays, a 4-day mouse model using infection with a transgenic T. cruzi luc strain expressing firefly luciferase 171 was used in the early stages of the SAR efforts. In this animal model, compounds 74−77 displayed 97−99% suppression of T. cruzi parasitemia upon twice daily dosing at 50 mg/kg for four consecutive days. 152 It is also noteworthy that 75 and 76, which possess good in vivo halflives (4.4 and 3.1 h) and AUC last (30 and 84 μM × h), showed superior efficacy (89% and 90% T. cruzi growth suppression) at 25 mg/kg po dosing. Rounds of molecular modeling and inhibitor synthesis to improve stability, selectivity, and potency ultimately led to enhanced binding to the T. cruzi CYP51 target, enabling high-resolution crystal structures to be obtained for this therapeutic target (Figure 26) . 151, 152 For the first time resolution of the T. cruzi CYP51 drug−target complexes approached the 2 Å barrier (Table 1) , deepening the level of atomic information available for structure-aided drug discovery. These high-resolution structures demonstrate that the binding site is modulated in response to an incoming inhibitor and characterize CYP51 as a flexible rather than a rigid template, as reported by the other group. 164 This observation contradicts the previously assumed CYP51 rigidity 164, 204 and suggests that compounds binding CYP51 by an induced fit mechanism likely form tighter complexes which generate higher resolution crystal structures.
Although both N-indolyl-oxopyridinyl-4-aminopropanylbased and fenarimol analogues utilize a 6-membered pyridine heterocycle to coordinate the heme iron, the two pyridinebased scaffolds have significant differences defining their interactions with the target (Figure 27) . First, the 4-pyridyl Fe-coordinating moiety of the N-indolyl-oxopyridinyl-4-aminopropanyl-based analogues contrasts with the 3-pyridyl moiety of the fenarimol analogues. Second, the structure branching point in the fenarimol analogues is positioned three bondlengths closer to the Fe-coordinating nitrogen atom compared to that in the N-indolyl-oxopyridinyl-4-aminopropanyl-based analogues. Both factors synergize to impose spatial constraints on the interactions of the fenarimol analogues with the heme macrocycle. Structurally, it translates to energetically more favorable T-shape π−π stacking interactions between the indole ring and heme macrocycle in the N-indolyl-oxopyridinyl-4-aminopropanyl-based inhibitors, as opposed to spatial hindrance caused by the proximity of virtually coplanar aromatic systems of heme and fenarimol analogues ( Figure  27 ). This steric hindrance rather than electronic effects of the pyridine group likely explains a weakened Fe−N coordination bond in the fenarimol analogue−CYP51 complexes, which is >0.2 Å longer than in the N-indolyl-oxopyridinyl-4-aminopropanyl-based complexes and >0.3 Å longer than in azoles. 150 Attenuated metal-binding is believed to improve the selectivity and safety profile of the fenarimol analogues, compared to the azole antifungal inhibitors, by increasing the contributions to binding affinity by specific drug−protein interactions at the expense of nonspecific drug−metal interactions.
Substrate Mimetics
Several attempts have been carried out to develop lanosterolbased inhibitors of human and fungal CYP51 for cholesterollowering and antifungal drugs. 205, 206 However, few successful results have been reported probably because of the limited range of structural modifications possible for lanosterol, and the minimal amount of structural information on lanosterol binding in the active site of CYP51. 14α-Methylenecyclopropyl-Δ7-24,25-dihydrolanosterol (LNP) was reported as a substratebased analogue, which tightly binds to all protozoan CYP51 but acts as a suicide substrate for T. cruzi CYP51, providing an example of a mechanism-based CYP51 inhibitor. 155 EC 50 of 5 μM has been reported for LNP to parasites in mammalian cells; 155 efficacy in animal models of infection has not been reported. The X-ray cocrystal structure of LNP-bound T. brucei CYP51 features the sterol molecule in un-natural 5β-configuration (PDB ID 3P99, Figure 8A ) (discussed in section 4.2). We infer that the un-natural sterol configuration may be an artifact of refinement against low-resolution data, which calls into question the conclusions drawn in the cited article. 155 
ISSUES TO ADDRESS
Azole Resistance
Fungal species have evolved a multitude of mechanisms to survive exposure to antifungal agents. These are divided into several categories including (i) increased levels of the cellular target, either by upregulation or duplication of the gene encoding for CYP51 (referred to as erg11 in all fungi from which it was cloned); (ii) decreased affinity of drugs to the cellular target, sterol 14-demethylase, CYP51; (iii) reduced intracellular accumulation of antifungals largely by upregulation of genes encoding efflux transporters; (iv) alteration of ergosterol biosynthesis affecting permeability of the cell membrane or enabling downstream conversion of otherwise toxic intermediates; and, finally, specific to fungi, (v) the capacity to build biofilm creating a physical barrier against the efficient penetration of antifungal agents. 65, 207, 208 To complicate matters even further, more than one mechanism may operate simultaneously, and different mechanisms may dominate in different pathogens and toward different drugs. Azole resistance can be CYP51-mediated (categories i−ii) or not CYP51-mediated (categories iii−v). A shift between the potential resistance mechanisms is not well-understood.
Although >140 amino acid mutations have been identified in Candida albicans CYP51 (half found in isolates with reduced susceptibility to fluconazole), 209 ,210 the drug efflux route dominates azole resistance in this pathogen. 211 Clinical isolates harbor several amino acid substitutions in CYP51 that may be acquired sequentially in the course of long-term azole therapy and have additive or synergistic effects in azole susceptibility. 212, 213 Quantitative effects of the CYP51 amino acid substitutions vary considerably for different azoles, which likely results from the alteration of specific drug−target point contacts as judged by molecular docking. 214 The arsenal of X-ray structure templates for modeling drug−target interactions has recently been amplified with the structure of the S. cerevisiae CYP51, 157 which carries higher sequence homology to fungal pathogens than the bacterial sequence, or to its kinetoplastid or human counterparts. Other CYP51-mediated mechanisms reducing C. albicans susceptibility to antifungal azole drugs include increase of erg11 transcript level, resulting from a gainof-function mutation in the transcription factor, 215 or increased copy number of cyp51 due to chromosomal aberrations. 216, 217 Uptake of azole antifungal drugs is believed to be via passive diffusion through the cell wall 207 and is affected by modification of cell wall structure by altering the glycosylation of surface proteins. 218 Mutation of erg6 (sterol methyltransferase in the ergosterol biosynthesis pathway) also enhances permeability of the cell membrane to different growth inhibitors, including azoles. 219 Finally, azole resistant Candida spp. and Cryptococcus neoformans may also originate as a result of mutation to other genes in the ergosterol biosynthesis pathway, e.g., erg2 and erg3, encoding for C-8 sterol isomerase and C-5 sterol desaturase, downstream of CYP51. 220−222 Activity of these downstream enzyme mutants alleviates toxic effects of 14α-methyl-ergosta-8,24(28)-dien-3β,6α-diol, which accumulates as a result of CYP51 inhibition and arrests fungal growth. 223 However, a major route of azole resistance in C. albicans and the related yeast pathogens, C. tropicalis, C. grabata, and C. dubliniensis, is enhanced drug efflux resulting in decreasing intracellular drug concentration. 207 The multidrug efflux transporters in plasma membranes of fungal cells are responsible for expelling from cells a large variety of compounds. The two main classes of pumps are the ATPbinding cassette (ABC) and the major facilitator superfamily (MFS). The overexpression of the MDR1 (multidrug resistance 1) gene (MFS family) is responsible for specific resistance to fluconazole. Overexpression of efflux transporter genes of the ABC class, CDR1 and CDR2 (Candida drug resistance 1 and 2), is associated with cross-resistance to different azole drugs, including fluconazole, itraconazole, and ketoconazole. 207, 208 In Aspergillus fumigatus, itraconazole induces an ABC-transporter gene, atrF, although the detailed role of this gene in resistance is not known. 224 In contrast to yeast pathogens, intrinsic resistance of the opportunistic human pathogen Aspergillus f umigatus to fluconazole is associated with the duplication of the erg11 gene encoding two CYP51 isoforms, CYP51A and CYP51B, found in A. fumigatus and related Aspergillus spp. 225 Sporadic cases of itraconazole resistance occasionally observed in A.
f umigatus in the late 1990s and early 2000s were associated with the altered affinity of CYP51A due to point mutations developed in patients initially infected with susceptible strains. Mutational hotspots at codons 54, 220, and 98 have been reported by multiple research laboratories 226−228 (residue numbering adheres to the A. f umigatus CYP51A sequence). Late in the past decade, the frequency of itraconazole resistance dramatically increased, and CYP51 mutations notably diversified under selective pressure of long-term azole treatment of patients with chronic and allergic aspergillosis. 229 In the culture collection of the mycology laboratory in Manchester, 18 amino acid alterations were found in the CYP51 enzyme, different mutations were found in the same strain, and cross-resistance between azole drugs was dependent on position and type of amino acid substitution within CYP51. 229 A list of CYP51A mutations identified in other studies is summarized in a comprehensive review by Becher and Wirsel. 159 Resistance to posaconazole in A. f umigatus occurs mainly by a mechanism involving mutations in CYP51A. 229−231 Posaconazole is less susceptible to the efflux pumps that confer resistance to other azoles in Candida spp. 212, 231, 232 Mapping amino acid substitutions identified in CYP51A in clinical posaconazole resistant isolates on the T. cruzi CYP51 structure points to the substrate tunnel entrance as a mutation hotspot: G54, P216, and M220 map directly to the tunnel mouth. 146 Substitution of glycine at codon 54 to arginine or tryptophane associates with moderate and high levels of resistance, and confers cross-resistance between itraconazole and posaconazole. 228 Mutations of M220 confer cross-resistance to four tested azole drugs including itraconazole, voriconazole, ravuconazole, and posaconazole. 233, 234 In recent years, cases of invasive aspergillosis due to panazole-resistant strains of A. f umigatus have been reported, where resistance was attributed to one predominant mechanism, referred to as TR 34 /L98H. 235 This mechanism relies on a tandem repeat of 34 bases in the promoter of the CYP51A gene leading to enhanced expression, combined with a leucine to histidine amino acid substitution at codon 98. 236, 237 Substitution of methionine 220 or a duplication in tandem of 34-bp fragment in the CYP51A promoter combined with L98H substitution confers cross-resistance to all azole drugs tested. 234 A similar TR 46 /Y121F/T289A mechanism is associated with voriconazole therapy failure with moderately attenuated susceptibility to itraconazole and posaconazole. 238 In contrast to the "in-patient" route, an environment fungicide-driven development has been suggested for the TR 34 /L98H and TR 46 / Y121F/T289A mechanisms. This occurs when A. f umigatus became resistant in the environment due to the use of azole fungicides for crop protection and patients are believed to inhale azole-resistant A. f umigatus spores.
239−241
Azole resistance phenomenon has being explored in other clinically significant pathogenic fungi, including Histoplasma capsulatum and Cryptococus neoformans. H. capsulatum belongs to the Pezizomycotina and causes pulmonary histoplasmosis, a frequent opportunistic infection in endemic countries, with an annual incidence about 5% per year in HIV-infected individuals, and high mortality rates.
242 Therapy with less active fluconazole fails at higher proportion than with itraconazole. 243 As with A. f umigatus, H. capsulatum encodes two CYP51 isoforms, with CYP51A involved in azole resistance. 244 Unlike A. f umigatus, only one CYP51A substitution, Y136F (corresponding to Y132H in C. albicans), has been identified in fluconazoleresistant clinical isolates.
C. neoformans belongs to Basidiomycota and is the most common cause of life-threatening fungal infections in HIVinfected individuals, and also can cause disease in immunocompetent individuals. Fluconazole is a drug of choice for longterm maintenance therapy of cryptococcal meningitis in HIVinfected patients.
221, 245 Mutations of the CYP51 drug target play a minor role in acquiring resistance. Only two have been identified in fluconazole-resistant isolates: G484A 246 and Y145F (corresponding to Y132H in C. albicans). 247 Chromosome duplication is suggested to play a more important role for failing azole therapy. 248 The ABC transporter gene CnArf1 carried by this same chromosome also contributes to fluconazole resistance. 249 Occurrence of naturally resistant T. cruzi strains may be one of the most important factors explaining the low rate of cure of chagasic patients with benznidazole and nefurtimox in some endemic areas. 117−120 The strategy of using azole chemotypes against Chagas disease may also be complicated by development of resistance to azoles. The alarming perspective emerging from antifungal therapy efforts must be taken in consideration when designing anti-Chagasic drugs targeting CYP51. T. cruzi resistance to azoles was rapidly induced in vitro by serial passage of mammalian-stage parasites in the presence of fluconazole (which has low potency against T. cruzi compared to posaconazole) for 4 months. 250 These parasites were cross-resistant to the other azoles, ketoconazole, miconazole, and itraconazole, but remained susceptible to benznidazole and amphotericin B. The azole-resistant phenotype was stable for more than 2 months of in vitro serial passage without fluconazole. In addition, these parasites resisted treatment in mice receiving ketoconazole. 250 The issues of drug resistance attributed to the azole class of molecules has led to a general believe that nonazole inhibitors will lack this disadvantage. Realistically, it is unlikely that transition from the azole Fe-coordinating moiety to a nonazole heme-binding unit can alone significantly affect propensity for drug resistance. Some of the same mechanisms which reduce susceptibility of pathogenic fungi to azole drugs may operate in kinetoplastid parasites. Solution to the problem is in enhancing potency of new drugs to shorten course of treatment, ensure patient's compliance, and achieve parasitological cure. An advantage to the development of CYP51 inhibitors targeting CYP51 via structure-based drug-discovery is that the Fecoordinating module is only part of the inhibitor structure. Specificity and potency of CYP51 inhibitors are largely defined by the rest of the molecule through multiple drug−target interactions which now can be specifically tailored to precisely fit the active site of a specific target.
Genetic Heterogeneity of T. cruzi
An additional challenge for drug resistance in Chagas disease programs is the genetic heterogeneity of T. cruzi which at present is subdivided into six phylogenetically discrete typing units (DTUs).
251,252 T. cruzi DTUs display different virulence and pathogenic characteristics. Members of all DTUs are infective to humans and capable of causing Chagas disease. However, DTUs TcI, TcII, TcV, and TcVI are the main agents of human Chagas disease. 253 Some degree of correlation between DTUs and clinical manifestations of chronic disease has been observed; however, this association may originate from geographical overlap between specific T. cruzi DTUs and human populations. 251 All four, TcI, TcII, TcV, and TcVI, are capable of causing cardiomyopathy; however, only TcII, TcV, and TcVI have been so far associated with chronic digestive syndromes. 251 Ideally, new chemotherapy developed for Chagas disease should be active against all circulating genotypes of the parasite.
Efficacy of current chemotherapy with benznidazole and nifurtimox varies according to geographic area, probably due to differences in drug susceptibility among different T. cruzi strains. 252 A recent survey has found 10-fold variation in benznidazole sensitivity in T. cruzi parasites isolated from a variety of biological and geographical backgrounds. 121 Laboratory-adapted CL-Brener and Tulahuen T. cruzi strains (both TcVI) are known to be drug-sensitive, while T. cruzi strains Y (TcII) and Colombiana (TcI) display medium and high resistance to benznidazole and nefurtimox, respectively. 117, 254, 255 The same pattern of resistance has been observed in these laboratory strains for antifungal inhibitors, including posaconazole 256 and the experimental inhibitor VNI. 199 Available data on correlation between drug susceptibility and phylogenetic distances between different DTUs are controversial. Lack of statistically significant correlation was reported Chemical Reviews for benznidazole in vitro, 257 whereas partial correlation for both benznidazole and itraconazole was observed for three out of six DTUs in vivo. 258 Finally, a cluster tree generated on the basis of the epimastigote susceptibility to a new macrolide antibiotic from Streptomyces diastaticus resembled phylogenies of T. cruzi lineages derived from genetic data. 259 A recent study on the most advanced antichagasic leads and clinical compounds against a panel of T. cruzi strains representing all current DTUs challenges previous reports on variable responses to nitro heterocyclic compounds among different T. cruzi strains. 260 The same study suggests that drug susceptibility may be an action-specific mechanism. This later observation highlights the need for caution in relying on standardized assays applied to the drugs with different mechanisms of action.
Selectivity against Human CYP Enzymes
Cytochrome P450 enzymes catalyze the oxidation of xenobiotics and endogenous substances, leading to elimination of foreign compounds and maintaining endocrine homeostasis in humans. Most antiparasitic agents targeting CYP51 are hemeiron coordinating compounds with potential to interact also with human CYPs, partially via nonspecific drug-metal binding, which can lead to various drug safety issues. Hepatotoxicity and hepatic tumors related to antifungal azole therapies correlating with induced expression of liver CYP enzymes and lipid peroxidation have been reported. 261 In addition, reproductive impairment, alterations in sexual differentiation, delayed growth and development, and hormone-related cancers can be caused by disruption of steroid biosynthesis. 262 For instance, ketoconazole led to a demasculinizing effect on male fetuses in pregnant Wistar rats, 263 and to decreased testosterone and cortisol levels in the plasma of humans. 264, 265 Thus, it is imperative to address selectivity issues against human CYP enzymes in the course of inhibitor development to avoid metabolism-induced drug−drug interactions, to minimize hepatotoxicity, and to preserve the balance of host steroid hormones.
Attenuated metal-binding is believed to improve the selectivity and safety profile of CYP inhibitors, compared to azole antifungal drugs, by increasing contributions of specific drug−protein interactions in binding affinity at the expense of nonspecific drug−metal interactions via less avid metal-binding groups. This paradigm has been used to achieve highly selective CYP17A1 inhibitors, potential treatment for prostate cancer, 266 and broad-spectrum CYP51 inhibitors that are more selective for fungal enzymes than for human drug-metabolizing CYPs. 267 As discussed in this review, structure guided lead development has proven to be a productive strategy for generating highly potent antiparasitic CYP51 inhibitors. Lead selectivity can also be assessed in silico at early stages of drug discovery via molecular docking and comparative modeling of newly designed inhibitors against the structures for human CYP enzymes. Currently, the X-ray structures of various human CYP enzymes such as CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4, the major metabolic enzymes in humans, are available in the PDB database. In addition, structures of cytochrome P450 enzymes involved in steroid hormone biosynthesis in humans, such as CYP19 (aromatase), CYP11A (cholesterol side-chain cleavage enzyme), CYP21 (steroid 21-hydroxylase), CYP11B2 (aldosterone synthase), CYP17 (steroid 17α-hydroxylase), and CYP51 (sterol 14-demethylase), are also accessible.
Human CYP51 is a potential alternate target for antifungal azoles and antiparasitic drug candidates targeting CYP51. Although sequence identities between the CYP51 orthologues in eukaryotic species are low (about 25%), amino acids constituting the substrate binding sites are far more conserved. 152, 204 Comparative binding affinities reported for azole inhibitors toward C. albicans and human CYP51 suggest that chances to hit human CYP51 for some azole drugs are higher than for the others.
268,269 Thus, fluconazole and voriconazole bind human CYP51 weakly (K d = 30 000 nM and 2300 nM, respectively), whereas clotrimazole, itraconazole, and ketoconazole have much higher binding affinities (K d = 55 nM, 92 nM, and 42 nM, respectively). This brings selectivity index for clotrimazole, itraconazole, and ketoconazole down to 5, whereas fluconazole and voriconazole are 200−500-fold more selective for C. albicans compared to human CYP51. 269 
CONCLUDING REMARKS
The cytochrome P450 enzyme CYP51 is a promising therapeutic target for neglected tropical diseases such as Chagas disease and leishmaniasis, which are caused by the kinetoplastid protozoa T. cruzi and various Leishmania species, respectively. CYP51 plays a central role in the biosynthesis of ergosterol and related 24-alkyl sterols, key sterol components of fungi and protozoan membranes, specifically catalyzing the oxidative removal of the C-32 methyl group of lanosterol. CYP51 is a clinically validated target in fungi. Drugs of the azole class have been developed as antifungal agents for human diseases. Substantial efforts have been made to repurpose approved antifungal azole drugs for treatment of Chagas disease. However, recently completed clinical trials of posaconazole and ravuconazole have shown that neither drug is superior to benznidazole. The quest for anti-Chagas cure must continue.
Alternative strategies toward development of anti-Chagas drugs discussed in this review involve optimization of lead compounds specifically targeting parasite CYP51. It is likely that parasite-specific inhibitors, optimized by structure-based drug-design criteria with close monitoring of PK parameters and inhibition of human drug-metabolizing CYPs, will be more effective in developing efficacious treatments of human T. cruzi and other protozoan infections than the antifungal agents. Starting points for these efforts have been identified by screening of compound collections, either in phenotypic cellbased assays or in biochemical target-based assays. Promising lead compound series have emerged from efforts at Vanderbilt (VNI/VNF), DNDi (fenarimol analogues), the UCSF−Scripps Florida collaboration (N-indoyloxypyridinyl-4-aminopropanyl derivatives), Northeastern (NEU321), and the Broad Institute (ML341), among others, that are discussed in this review. An intriguing opportunity pursued at Washington University involves piggybacking on the development efforts for the cancer clinical drug candidate tipifarnib targeting human protein farnesyltransferase (hPFT) which has emerged as a CYP51 inhibitor.
Ultimately, the long-term success of these efforts will depend on the ability to develop potent therapeutic agents ensuring parasitological cure with minimal or no harm to the human host. Off-target effects are an obvious concern, given the similarity of CYP51 to other cytochrome P450 enzymes that play critical roles in human tissues. This issue can be addressed, at least in part, by incorporating molecular modeling and appropriate selectivity screens in early stages of drug develop-ment to minimize interactions with human CYPs. The potential for development of resistance to new CYP51 inhibitors is yet another concern, especially given the widespread development of resistance to clinically used antifungal agents. A potential solution to this problem is sufficient drug potency to ensure short treatment courses, which will maximize patient compliance and attain parasitological cure.
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